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ABSTRACT: K + channel principal subunits are by far the largest and most diverse of 
the ion channels. This diversity originates partly from the large number of genes cod- 
ing for K* channel principal subunits, but also from other processes such as alterna- 
tive splicing, generating multiple mRNA transcripts from a single gene, heteromeric 
assembly of different principal subunits, as well as possible RNA editing and post- 
translational modifications. In this chapter, we attempt to give an overview (mostly in 
tabular format) of the different genes coding for K + channel principal and accessory 
subunits and their genealogical relationships. We discuss the possible correlation of 
different principal subunits with native K + channels, the biophysical and pharmaco- 
logical properties of channels formed when principal subunits are expressed in heter- 
ologous expression systems, and their patterns of tissue expression. In addition, we 
devote a section to describing how diversity of K + channels can be conferred by het- 
eromultimer formation, accessory subunits, alternative splicing, RNA editing and 
posttranslational modifications. We trust that this collection of facts will be of use to 
those attempting to compare the properties of new subunits to the properties of oth- 
ers already known or to those interested in a comparison between native channels 
and cloned candidates. 

The first molecular components of K + channels were identified only about a decade 
ago by molecular cloning methods. 1 " 5 However, the number of cloned and character- 
ized components has grown so much that reviewing the molecular biology of K + channels 
has become a daunting, if not impossible, task in a chapter of these dimensions. Several 
excellent reviews, discussing specific aspects of this subject have appeared in recent 
years. 6 " 16 The present chapter presents a review as comprehensive as possible of all the K + 
channel subunits known to date, aimed mainly at scientists who might be interested in 
finding possible molecular correlates for their functional findings. We limited the scope by 
focusing primarily on mammalian K + channel principal and auxiliary subunits. Most of the 
data are presented in tabular format. It is possible that our tables have missing and even 
erroneous data. We wish to apologize to our colleagues for these errors and omissions and 
will appreciate receiving comments. Given space limitations we have not included specific 
references from which the data in the tables were extracted. To alleviate this constraint, we 
intend to publicize a web page* on which this information will be accessible along with 
additional data that similarly had to be omitted because of space considerations. 

The availability of K + channel cDNAs has allowed enormous progress in the under- 
standing of the structure and molecular mechanisms of function of K + channels. Important 
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FIGURE 1. Schematic representation of the three groups of K + channel principal subunits. They are 
classified into three groups in terms of their predicted membrane topology — those that have six 
transmembrane domains (TMDs), those with four transmembrane domains and those with only two 
transmembrane domains. Each group of principal subunits is divided into discrete families on the 
basis of sequence similarity (see Fios. 2 and 3). Each family can be further subdivided into several 
subfamilies, which often contain several closely related subfamily members. Afunctional classifica- 
tion places the voltage- and Ca 2+ -regulated K + channels in the 6TMD group, the "leak" K + channels 
in the 4TMD group, and the inward rectifier K + (Kir) channels in the 2TMD group. Also shown in 
the figure are some of the auxiliary subunits that have been shown to alter expression levels and/or 
kinetics of K + channel principal subunits when expressed in heterologous expression systems. For 
clarity, they are grouped together with the principal subunits with which they have been shown to 
interact (see text for more details). 



new insights into the mechanisms of ionic selectivity, voltage- and calcium-dependent gat- 
ing, inactivation and blockade of these channels have been obtained. These efforts recently 
culminated with the crystallization and high-resolution structural analysis of a K + 
channel 17 — the first natural membrane channel for which high-resolution real structural 
information is now available. This work provided strong evidence in favor of a tetrameric 
K + channel. structure. This structure was first suggested based on the similarities between 
six transmembrane K + channel subunits and each of the four internally homologous 
repeats of Na + and Ca 2+ channels 18 and was supported experimentally. 17,19,20 In this struc- 
ture, four independent subunits or homologous repeats of one or two subunits form the 
infrastructure of a channel with a fourfold symmetry around a central pore. We can expect 
that this breakthrough will bring a deeper and accelerated understanding of the structure 
and function of K + channels. 

Less progress has been made in understanding the physiological significance of the 
enormous molecular diversity of K + channel protein subunits (Table l f ). Over 100 differ- 
ent proteins, subunits of distinct types of K + channels, have been identified to date, and the 
list is rapidly growing (Fig. 1). In addition to the pore- forming or principal subunits (often 

f All tables appear at the end of the paper. 
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called a subunits), which determine the infrastructure of the channel, many K + channels 
(like Na + and Ca 2+ channels) contain auxiliary proteins that can modify the properties of 
the channels, often significantly. Most of the known principal K + channel subunits express 
in heterologous expression systems as functional homomultimeric channel complexes. 
However, some principal subunits do not form functional homomultimeric channels, but 
must coassemble with other (similar) subunits for expression of functional channels (e.g., 
G-protein-activated K + channels; GIRKs). These subunits may be called coassembly prin- 
cipal subunits. All known principal subunits of K + channels show a certain amount of 
sequence and structural similarity, and they might all be related through evolution. There 
is sufficient primary sequence similarity between the different principal subunits that 
members of new families of K + channel proteins have been discovered by degenerate PCR 
or by screening databases of "expressed sequence tags" (ESTs) and sequences deposited 
by various genome projects. It remains possible, however, that some unknown K + channels 
may have principal subunits that are unrelated to those known today. 

Auxiliary subunits (sometimes referred to as p subunits) have primary sequences not 
resembling principal subunits. They interact with channel complexes containing principal 
subunits and may alter their electrophysiological or biophysical properties, expression lev- 
els, or expression patterns. In addition, many K + channel molecular complexes interact 
with additional proteins such as regulatory enzymes and elements of the cytoskeleton (see 
chapters by Morgan Sheng and John Adelman, this volume). We term these associated 
proteins, with the understanding that the distinction between auxiliary subunits and associ- 
ated proteins may not be simple on occasions. Since K + channels are thought to be multi- 
mers of principal subunits, which may form heteromeric channels with closely related 
principal subunits in various combinations, the number of possible distinct K + channels 
based on these different combinations may be in the order of hundreds, if not thousands 
(see Diversity Conferred by Heteromultimer Formation..., below). However, it is not 
known how much of this potential diversity is actually used in native cells. A major task of 
future research is to identify physiological roles of the cloned proteins, starting with the 
identification of native channels containing specific types of cloned subunits. This is par- 
ticularly important because most of the cloning work has been done in the absence of prior 
isolation of native proteins. Therefore, the exact relationship between the molecular com- 
ponents identified by cloning and native channels is, in most cases, not known and must be 
a priority for future research. 

CLASSIFICATION OF K + CHANNEL PRINCIPAL SUBUNITS 

There are several types of K + channels, including voltage-gated and Ca 2+ -activated K + 
channels, inward rectifiers, "leak" K + channels, and Na + -activated K + channels. 21,22 Princi- 
pal subunits of at least the first four types have already been identified, and they are 
divided into three groups based on structural properties (Fig. 1). The first group, consisting 
of six transmembrane domain (TMD) proteins, are components of voltage-gated (Kv) and 
Ca 2+ -activated K + channels. The second group, consisting of proteins with two TMDs, are 
components of inward rectifier K + (Kir) channels. The third group, known as two-pore 
subunits, are components of "leak" K + channels. Each of these groups is further divided 
into families, which in turn are divided into subfamilies, with several closely related mem- 
bers within most of these subfamilies. 
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The first major group of K + channel principal subunits to be identified contain six 
transmembrane domains (TMDs) (S1-S6), with a conserved P (pore or H5) domain. Func- 
tionally, they form voltage- and/or Ca^-activated K + channels when expressed in heterolo- 
gous expression systems. This group contains the Kv family (with eight subfamilies: Kvl- 
Kv6 and Kv8-Kv9) as well as members of the KQT, eag, SK, and slo families of principal 
subunits. 

The second major group of pore-forming subunits are components of inward-rectifying 
K + (Kir) channels and the first members were first identified by expression cloning. 23-25 
Kir principal subunits have a predicted membrane topology of two TMDs (M1-M2) and a 
pore domain, analogous to S5-P-S6 of the 6TMD K + channel subunits. There are currently 
seven subfamilies (Kirl-Kir7), most of which form K + channels with various degrees of 
inward rectification when expressed in heterologous expression systems. 

A third group of mammalian K + channel principal subunits was recently described and 
contains four putative TMDs (M1-M4) and two P domains (PI and P2). 12,26 Structurally, 
these principal subunits have a predicted membrane topology as if they consisted of two 
spliced Kir subunits. Whereas the 6TMD and 2TMD principal subunits are thought to 
assemble as tetrameric proteins to form functional channels (see above), the 4TMD sub- 
units are thought to dimerize, thereby retaining the fourfold symmetry around the central 
pore. 12 * 27 There are currently four members in this novel family of K + channel principal 
subunits (Fig. 1 and Table 1), but it is possible that more members might be cloned in the 
near future (see later). Functionally, these principal subunits express K + selective channels 
that do not appear to gate in a manner as observed with channels formed by Kir principal 
subunits. Since the current responds to changes in extracellular K + concentration in a man- 
ner described by the Goldman-Hodgkin-Katz equation, these channels are also referred to 
as "leak" K + channels. 12 Recent reports 28 indicate that at least some of these channels can 
be extensively modulated (e.g., by arachidonic acid or pH; Table 1). 

The P domain of K + channel principal subunits is critically important for channel func- 
tion. Approaches using both mutagenesis 29,30 and X-ray crystallography 17 suggest a role 
for this domain in the formation of the K + selective pore of the channel. The consensus 
pore sequence* calculated from a simultaneous alignment of the P domains of K + channel 
principal subunits that are shown in Table 1 is: [TS]-[MLQ]-T-T-[IV]-G-Y-G 31 and 
appears to be hallmark of K + channel principal subunits. 

Mammalian fC Channel Principal and A uxiliary Subunits 

Table 1 lists published sequences of mammalian (mostly from human, rat, and mouse) 
K + channel principal and auxiliary subunits cloned to date. As far as possible, we used 
standard nomenclature 32,33 to describe the various genes. In addition to Genbank or Swis- 
sprot accession numbers and trivial (author-assigned) names of known alternatively 
spliced variants, we also give the gene name as defined by the Human Genome Organiza- 
tion (HUGO) Nomenclature Committee,* chromosomal localization, and possible (or con- 
firmed) associated diseases related to allelic variants. These data for principal subunits 

* The consensus pore sequence was calculated from a simultaneous alignment of the pore regions 
of K + channel principal subunits using MEME (http://www.sdsc.edu/MEME). A residue was included 
if it had a probability of occurrence larger than 0.2. 

h http://www.gene.ucl.ac.uk/nomenclature/ 
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have been subdivided by functional classification, as described above. The auxiliary sub- 
units are listed in terms of the main principal subunits with which they are thought to inter- 
act. 

Genealogical Analysis of Genes Coding for Principal K+ Channel Subunits 

We performed a genealogical analysis of the K + channel principal subunits shown in 
Table 1 with the aim of examining relatedness between the various genes. For this analy- 
sis, we divided the K + channel principal subunits on the basis of their predicted transmem- 
brane topology. Figure 2 is a phylogenetic tree of six TMD voltage-gated and Ca 2+ - 
activated K + channels generated by parsimony analysis, and Figure 3 shows a similar anal- 
ysis for the two TMD principal subunits representing Kir principal subunits. 

For the six-TMD group, a strong primary node (bootstrap value of 99% in Fig. 2) exists 
that includes the members of all of the Kv subfamilies (Kvl-Kv6 and Kv8-Kv9). The 
question may arise whether the KQT family should be considered as part of the Kv family. 
However, the KQT family has a much weaker sequence identity to Kv genes (19-25%) 
than is found between members of the Kv subfamilies (33-50%) (Table 2A). It is there- 
fore likely that the divergence of the KQT and the Kv gene families preceded the diver- 
gence of the different Kv subfamily members. Thus, for the purposes of this review, the 
KQT family will be regarded as a discrete family. The analysis shows that members of 
eag, erg, and elk subfamilies showed clustering with a strong node (bootstrap value of 
100%), suggesting that they all originated from a single ancestral gene. 

Interestingly, although there are large structural differences (e.g., the length of the C- 
terminus) between SK and slo, these families (which are all principal subunits of Ca 2+ - 
activated K + channels) grouped together with a strong bootstrap value (73%; Fig. 2). Thus, 
within the regions used to perform the parsimony analysis (which included most of the six 
transmembrane domains), characters exist that diagnosed SK and Slo as close relatives. 

It is often difficult to determine whether a gene belongs to a certain subfamily. For the 
purposes of this review, we used identity scores as the only criterion to subdivide genes 
into different subfamilies. Other criteria may exist, such as the presence of regulatory 
sequences (e.g., ATP-binding sequences, etc.), similar electrophysiological or pharmaco- 
logical phenotypes in expressed channels, or similar regulation by metabolic pathways. 
Concentrating only on similarity of the primary sequences, it is interesting to note that an 
identity score of >55% i exists among members of individual Kv, eag, KQT, and slo sub- 
families (Table 2A). In fact, this threshold value of -55% holds true within each of the 
6TMD K + channel subfamilies except for the SK genes. Within the SK gene family, SK4 
appears to diverge from other SK family members (Table 2B), suggesting that SK4 might 
represent a member of a new emerging subfamily of SK genes. 

Within the 2TMD family, members of the Kir2, Kir3, Kir5 (the latter having only a sin- 
gle member), and Kir6 subfamilies each fall into their own expected groups (Fig. 3). The 
classification of the remainder of the genes (members of KM , Kir4, and Kir7 subfamilies) 

1 Note that this number was derived from multiple sequence alignments where portions of unstable 
sequences were removed for the generation of trees. When whole sequences are aligned, this number 
may be smaller. The threshold value of 55% identity can be extracted from the percent identity table 
for the 2TMD potassium channels as well as the 6TMD channels; i.e., in both identity tables, genes 
that have identity values of less than 55% belong to different subfamilies. 
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FIGURE 2. Strict consensus phylogenetic tree of 6TMD voltage-gated and calcium-activated K + 
channels generated by parsimony. The parsimony tree is generated by heuristic search using PAUP 
3.1.1. 138 Ten random addition searches with TBR branch swapping were performed. The E. coli K + 
channel homologue ECOKCH (accession #L 12044) was used as an outgroup). ClustalX was used to 
generate all alignments of amino acid sequences. By varying the alignment-parameters, we were able 
to identify regions that lack alignment stability. We proceeded to remove alignment ambiguous 
regions by implementing a "culling" procedure. 139 In this analysis, only regions that span the six 
transmembrane domains were used. All characters were equally weighted in the analysis. Bootstrap 
values generated using PAUP 3.1.1 138 are shown on the tree when available, and they represent a 
measure of node robustness. Sequences of eag2 ( elkl, and elk2 used in this analysis are from B. 
Ganetzky (see this volume). 
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FIGURE 3. One of two most parsimonious trees of 2TMD inward rectifier K + channels that are 
generated by heuristic search. For methods used, please refer to the legend of Fig. 2. The S. lividans 
skcl K + channel principal subunit (accession Z37969) was used as an outgroup. Except for small 
portions of the NH 2 and COOH terminals, most of the amino acid sequences were used in this anal- 
ysis. To measure node robustness, we generated bootstrap values (shown on tree when available) 
using PAUP 3.1.1. 
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deserves comment. Following the cloning of Kirl.l and its splice variants (Table 1), the 
primary sequences of closely related genes were published. Ambiguity arose in the nam- 
ing of these genes. Whereas BIR10 34 was proposed to be named Kir4. I, 33 others have been 
referring to this gene as Kirl.2 35 because of its apparent sequence similarity to Kirl.l. 
Similarly, there has been equal ambiguity in the naming of Kir 1.3/Kir4.2. 36,37 More 
recently, a member of a potentially new subfamily was cloned and was called Kir7. 1, 38 but 
was also named Kirl.4 by others (Genbank accession number AB013890). As seen in 
Table 2C, a threshold identity value of >55% also exists among members of individual Kir 
subfamilies, except for the subfamily that includes Kirl.l, Kirl.2/Kir4.1, Kirl.3/Kir4.2, 
and Kirl .4/Kir7. 1 . When examining this particular subfamily (Kirl/Kir4/Kir7), an identity 
score as low as 36% is found, suggesting that (at least some of) these genes might indeed 
belong to different subfamilies. A more detailed analysis of identity scores of these genes 
(Table 2D) shows that Kirl,4/Kir7.1 is only 36-39% identical to the other three genes. 
Similarly, while Kirl.2/Kir4.1 and Kirl .3/Kir4.2 are 62% identical to each other, they are 
only 47% identical to Kirl.l. Thus, the possibility that discrete Kir4 and Kir7 subfamilies 
exist (as originally proposed) 33,38 must be considered. These considerations led us to adopt 
this nomenclature for the remainder of this chapter. Although our analysis supports the 
idea that members of the Kirl, Kir4, and Kir7 subfamilies are not sufficiently similar in 
terms of their primary sequences to be grouped as a single subfamily, the analysis shown 
in Figure 3 illustrates that these genes are more closely related to each other than to other 
Kir subfamily members. 

In mammals, the 4TMD gene family is currently the smallest among the three main 
groups of K + channels, with only four representatives published to date. Among them, 
TRAAK and TREK are more closely related to each other than to either of the other two 
genes, TWIK and TASK, as indicated by alignment and phylogenetic analysis (data not 
shown). A more detailed description of 4TMD principal subunits in C. elegans appears 
elsewhere in this volume (see chapter by Salkoff). 

CORRELATION OF K + CHANNEL PRINCIPAL SUBUNITS WITH NATIVE 

CHANNELS 

The molecular diversity of K + channel-forming proteins (Table 1) is far greater than 
that found for native K + currents, 21 which adds additional complexity when one attempts 
to correlate the molecular candidate with a particular native current expressed in a specific 
tissue. In order to infer a relationship between heterologously expressed and native K + 
channels, there are several criteria that may be used. 

1. A close resemblance between the biophysical properties of native channels and 
those of channels expressed in heterologous expression systems may signify a pos- 
sible relationship. Further support for such a relationship will be provided if they 
are similarly affected by pharmacological compounds, toxins, and other interven- 
tions. In order to assist in these comparisons, we compiled the data presented in 
Table 4. 

2. The tissue expression of mRNA (and protein) of the candidate principal subunits 
should correspond with the tissues in which the native current is expressed. Data in 
Table 5 should assist in this comparison. 



COETZEE et al t MOLECULAR DIVERSITY OF K + CHANNELS 241 

3. The functional consequences of processes such as heteromultimeric assembly by 
different principal subunits, their regulation by auxiliary subunits, and posttransla- 
tional modification should be considered. We present examples where these pro- 
cesses have been shown to influence channel properties. Because of the amount of 
detail involved, this information is supplied mainly in textual format (Diversity 
Conferred by Heteromultimer Formation..., below). 

4. Strong support for a causal relationship between native and candidate cloned K + 
channel principal subunits can be obtained from experiments involving deletion or 
overexpression of the target channel principal subunits (transgenic animals or over- 
expression of wild-type, antisense, or dominant negative constructs in isolated 
cells). Since this is a relatively new area of investigation, there are only a few exam- 
ples where these methodologies have been applied (see Table 3). 

It is important to note, however, that these criteria do not exclusively define a relation- 
ship between cloned and native proteins. For example, negative results might well be 
caused by unknown events occurring at the molecular level, such as interactions of K + 
channel principal subunits with other cytosolic or membrane-bound proteins or their regu- 
lation by unknown endogenous compounds and peptides or poorly understood posttransla- 
tional modifications. 

FUNCTIONAL PROPERTIES OF K + CHANNELS IN HETEROLOGOUS 

EXPRESSION SYSTEMS 

We have listed the functional and pharmacological properties of the currents expressed 
by K + channel principal subunits in heterologous expression systems in Table 4. Where 
possible, we report data obtained from expression studies using mammalian cells under 
patch-clamp conditions. Otherwise, we report data obtained from the Xenopus expression 
system. In cases in which there is close agreement between several reports on the same 
protein, we report an averaged value. When large discrepancies exist in published values 
to make it impossible to find a consensus value, we give a range of values. In come cases, 
we favored reports in which a more extensive functional analysis was performed. 

In using these tables it is important to remember that experimental variables can have 
important effects on published parameters. In addition, a native channel composed of a 
particular subunit may have properties different than those in heterologous expression sys- 
tems due to factors such as those listed in Diversity Conferred by Heteromultimer For- 
mation..., below, or other factors that are sometimes difficult to predict. We would like to 
mention three such examples of problems encountered using heterologous expression sys- 
tems: First, it has been observed that Kir3.1 expresses G-protein-activated K + channels in 
Xenopus oocytes, but not in mammalian cultured cells. It is now clear that this is due to the 
presence of an intrinsic Kir3.4 subunit (called XIR) in Xenopus oocytes 39 (see chapter by 
Wickman in this volume) that is not found in mammalian cells and is required for expres- 
sion of G-protein-activated K + channels. Second, artifacts can be caused by the unusually 
large amounts of channels expressed in heterologous expression systems. The flow of 
large currents may lead to effects such as K + accumulation in the extracellular spaces, 
which in turn can modify the behavior of expressed channels. Last, some channels can be 
very sensitive to particular elements in the extracellular or intracellular solution, such as 
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blockade of several voltage-gated K + channels by Mg 2 *. Care should therefore be exer- 
cised when comparing the electrophysiological phenotype of native K + currents with those 
presented in Table 4. 

TISSUE EXPRESSION OF K + CHANNEL SUBUNITS 

Studies on the cell- and tissue-specific expression of K + channel genes vary widely. 
Some genes such as Kv3 (see chapter by Rudy et al. 7 this volume), Kir3 (see chapter by 
Kevin Wickman et al. 9 this volume), and several Kvl's 16 have been studied in great detail 
in several laboratories. Others have been studied to a much lesser extent. We attempted to 
give a representative overview of expression patterns of known K + channel genes in Table 
5. However, the nature of available information will be reflected in our compilation. 

Different laboratories use different methods to analyze expression levels of various K + 
channel transcripts. Some of these methods are more quantitative in nature (Northern blot 
analysis and RNAse protection assays) but have a limited spatial resolution. In contrast, in 
situ hybridization techniques can have excellent spatial resolution, but quantification is 
more difficult. RT-PCR is very sensitive, and results obtained with this technique are diffi- 
cult to quantify. Given this sensitivity, it is often difficult to interpret a result when no 
attempt at quantification is made. Antibodies have now been raised to a number of K + 
channel proteins, and they can be great tools for the analysis of protein products, but prob- 
lems of specificity can arise. We present a table on the tissue and brain distribution of K + 
channel gene products (Table 5). However, caution should be exercised in using this table. 
For example, results for some genes may come from many studies using different meth- 
ods, whereas for others data may have been derived from a single study. Great care should 
be taken when making a quantitative comparison of expression levels between different 
genes because of the variations in methodologies used in different laboratories as well as 
the subjectivity of different investigators when grading the intensities of signals. 

DIVERSITY CONFERRED BY HETEROMULTIMER FORMATION, 
ACCESSORY SUBUNITS, ALTERNATIVE SPLICING, RNA EDITING AND 
POSTTRANSLATIONAL MODIFICATION 

Over 50 mammalian genes encoding principal subunits of K + channels are listed in 
Table 1 . The total number of different subunits, however, is even larger since many of 
these genes undergo RNA processing, such as alternative splicing resulting in multiple 
protein products from each gene. Considering these factors, this results in a large number 
(>100) of different mammalian principal subunits (Table 1). 

However, the total number of different functional types of K + channels is probably sig- 
nificantly larger. In addition to the already large number of subunits, the diversity can be 
magnified by virtue of the oligomeric structure of the functional channel complex (see 
introductory section of this paper). Many of the principal subunits can form functional 
homomultimeric as well as heteromultimeric channels. Depending on the number of pos- 
sible combinations, this can dramatically increase the number of possible functionally dis- 
tinct channels obtained from these subunits. 
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Finally, channel function can also be influenced by auxiliary subunits and posttransla- 
tional modifications. If the channel complex exists with the auxiliary proteins in some 
cells and without them in other cells, or if it is differentially modified by posttranslational 
modification, these factors can also increase the diversity of functional units. This section 
highlights the contributions of these important mechanisms to K + channel function and 
diversity. 

Heteromultimeric Assembly of Principal Subunits 

Heteromultimeric assembly of K + channel proteins can theoretically provide the cell 
with a "moduiar" system for increasing K + channel diversity while reducing the require- 
ment for more genes. For example, 210 functionally distinct tetrameric channels of differ- 
ent subunit combinations might be formed from seven different subunits. 7 Channel 
diversity can be increased even more if the possibility of heteromultimerization of alterna- 
tive splice variants is considered. 

When considering the large overlap in the expression of different K + channel subunits 
(see Table 5), it is quite possible that many native channels are the result of heteromeric 
association of primary subunits. However, coexpression of two subunits within a given cell 
does not necessarily warrant the occurrence of coassembly (see below). It is thus of great 
importance to elucidate the mechanisms that govern subunit recognition and assembly in 
order to understand the potential for heteromultimer formation and the composition of 
native channels. Here we discuss what is known about the rules governing subunit interac- 
tions and evidence for their formation in native tissue in the different families of K* chan- 
nels. 

Heteromultimeric Assembly of Kv and KQT Principal Subunits 

For Kvl-Kv4 subfamilies, coexpression of different Kv cRNAs of the same, but not of 
different, subfamilies in Xenopus oocytes leads to the expression of channel properties that 
can not be the result of the sum of two independent channels. These currents have been 
interpreted as resulting from novel K + channel proteins formed as heteromultimers from 
different principal subunits of the same Kv subfamily 40-44 These heteromultimeric chan- 
nels tend to have properties that are intermediary between those of the two homomulti- 
meric channels, but in some cases certain properties dominate. For example, a channel 
containing three noninactivating and one N-type inactivating subunit produces an inacti- 
vating channel. 20,41 " 43 In another example, Kvl.6 subunits have been shown to have a spe- 
cific N-type inacuvation-prevention (NIP) domain, which produces noninactivating 
currents when heteromultimerized 45 Subfamily selectivity among Kv subunits is the result ^ 
of recognition domains located in the N-terminal region of the protein and referred to as 
the NAB or Tl domains. 46,47 Interestingly, these domains are also involved in the interac- 
tion of Kvl proteins with auxiliary (Kv0) subunits 48,49 

Evidence for the heteromultimerization of Kv proteins from the same subfamily in vivo 
has come from coimmunoprecipitation experiments in rat and mouse brain. 50 " 53 (also see 

J [p+(n-l)]!/[p!(n-l)!], where p is the aggregation number and n is the number of subunits. 
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Rudy et al. f volume). For example, antibodies specific to Kvl.l immunoprecipitate Kvl.2 
and Kvl.4 proteins in nondenatured brain membrane extracts. 50,51 The coexpression of 
Kvl.4 and Kvl.2 in axons and terminals of many cells suggests the native A-type K + cur- 
rent may result from Kvl.4/Kvl.2 heteromultimers within these compartments. 50 Con- 
versely, subunits of the same subfamily have also been shown to localize to separate 
compartments within the same cell. 54 The cellular mechanisms of subunit targeting and 
assembly could be important as well. Whether or not heteromultimers are formed will 
depend on whether channel assembly occurs before or after the subunits have been sorted 
and shipped to their appropriate destinations. 

The two Kv2 subfamily members (Kv2.1 and Kv2.2) are able to function as homomul- 
timeric or heteromultimeric channels. There are reports that their kinetics and voltage 
dependence are altered when they are coexpressed with members of other, closely related, 
Kv subfamilies (Kv5, Kv6, Kv8, Kv9; see Fig. I). 55 " 57 An enormous potential for func- 
tional diversity is apparent when considering all of the possible combinations of these 
principal subunits. Interestingly, members of the Kv5, Kv6, Kv8, and Kv9 subfamilies do 
not express currents by themselves in heterologous expression systems. Since the primary 
sequence similarity of Kv5, Kv6, Kv8, and Kv9 principal subunits with the Kv2 subfamily 
members are particularly high in the Tl domain, one can speculate that these coassembly 
principal subunits may have evolved to regulate the function of Kv2-related proteins. 

The KQT family currently has three members. The first to be described, KQT1 
(KvLQTl), is found predominantly in the heart and liver, whereas KQT2 and KQT3 
expression is restricted to the brain. Coexpression of KCNQ2 and KCNQ3 in Xenopus 
oocytes results in a 15-fold increase in current amplitude compared to expression of each 
subunit alone. 58 The overlapping distribution of KQT2 and KQT3 suggest they may func- 
tion only as heteromultimers in vivo. In support of this argument, it is interesting to note 
that mutations of these two genes both give rise to the same genetic disorder (Table 1). 

Heteromultimeric Assembly of eag, erg, and elk Subunits 

There is currently a single published mammalian homologue of the Drosophila eag that 
produces currents in heterologous expression systems (Table 1). Although more eag fam- 
ily members have been described, the full-length cDNA coding sequences remain to be 
cloned and expressed (see chapter by Ganetzky, this volume). There are three members of 
the Erg subfamily with diverse physiological properties. However, their interactions have 
not been characterized. A mammalian elk homologue has been cloned and was found to 
produce functional currents. At least two new elk family members have been discovered 59 

Heteromultimers between the two splice variants of erg (erg la and erg lb; Table 1) 
have been studied in vitro, resulting in currents with properties more similar to those of the 
native current (1^) in heart. 60 It is not yet known whether eag, erg, and elk principal sub- 
units can coassemble as heteromultimers. With the cloning and expression of more mem- 
bers of each subfamily, it will be interesting to see if they follow the same rules for 
heteromultimerization as Kv channels. There is already evidence that subunit interactions 
within this family will be complicated. For example, it has been suggested that members 
of the eag family can interact with members of the Kv family in Xenopus oocytes. 61 How- 
ever, whether such interactions will take place in vivo remains to be determined. 



COETZEE et al : MOLECULAR DIVERSITY OF K + CHANNELS 245 

Heteromultimeric Assembly of Kir Submits 

There does not appear to be a consistent manner in which Kir subunits coassemble 
within or between subfamilies. The four members of the Kir3 subfamily serve as an exam- 
ple of where heteromultimerization of subunits from the same subfamily appears to be a 
necessary requirement for the formation of functional channels. Thus, the channels 
responsible for the acetylcholine-activated K + current in atrial muscle is a complex of 
Kir3.1 and Kir3.4 proteins (see chapter by Wickman et al. f this volume). Neurons proba- 
bly contain functional heteromultimers of Kir3.1 with Kir3.2 or Kir3.3 (see chapter by 
Kevin Wickman, this volume; see also Ref. 62). In contrast to the Kir3 subunits, the evi- 
dence for heteromultimeric assembly within other Kir subfamilies members is less strong 
or there are even indications to the contrary. For example, despite the colocalization of 
Kir2.1 and Kir2.3 in neural tissue, 63 biochemical and electrophysiological experiments 
examining protein-protein interactions suggest that heteromultimeric coassembly of sub- 
units within the Kir2 subfamily may not occur. 64 Recent experiments using antisense oli- 
gonucleotides directed against Kir2.1 transcripts demonstrated a specific inhibition of a 
21-pS conductance channel (which is equivalent to the unitary conductance of Kir2.1 in 
heterologous expression systems) in cardiac myocytes. 65 Since the occurrence of native 
inward rectifier K + channels with different unitary conductances was unchanged, one 
could argue that heteromultimeric assemblies of Kir2.1 with other K + channel principal 
subunits did not occur (or more unlikely that, if it did, the single-channel conductance 
remained unchanged). The regions responsible for determining compatibility within mem- 
bers of the Kir2 subfamilies have been elucidated using a combination of deletion mutants 
and chimeric channels. 64 The results of such experiments reveal interactions conferred by 
domains found within the proximal C- terminus and second transmembrane segments. 
However, it is possible that other regions may also play a role. 66 

There are also published examples of heteromultimerization between subunits from 
different Kir subfamilies. For example, Kir5.1 (which by itself expresses no current in 
oocytes 34 ) significantly alters expression levels and the single-channel conductance of 
Kir4.1, a member of a different subfamily. 67 The finding that Kir5.1 altered neither current 
amplitude nor the macroscopic phenotype of Kir 1.1, Kir2.1, Kir2.3, Kir3.1, Kir3.2, or 
Kir3.4 suggests that a specific interaction between Kir4.1 and Kir5.1 may occur in vivo. 

Hetewmultimeric Assembly of slo and SK Subunits 

The slo family currently has two members (Table 1). Heteromultimerization between 
the two slo principal subunits has not been examined. Despite the small number of family 
members, slol (the principal subunit of BK Ca 2+ -activitated K + channels) has a very large 
number of possible alternative spliced versions. Tested splice variants show functional 
variability. 68 " 71 Heteromultimerization between splice variants could thus allow an enor- 
mous number of possible functionally diverse channels. Single-cell RT-PCR studies of 
individual hair cells of the chick cochlea demonstrate that multiple splice variants of slo 
are found within a single cell 72,73 (see also chapter by Robert Fettiplace, this volume), sug- 
gesting that at least a proportion of this potential diversity might indeed occur in vivo. 

The SK family now has four members (Table 1). SKI -3 each express small-conduc- 
tance Ca 2+ -activated K + channels with similar properties but differing in their pharmacol- 
ogy (see chapter by Adelman, this volume). The fourth (SK4) expresses an intermediary- 
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conductance Ca 2+ -activated K + channel. Coexpression of these genes has not yet been 
tested, but their overlapping tissue distribution suggests that heteromultimer formation 
might be possible in vivo. 14 Although the SK1-SK3 subunits have very similar properties, 
the NH 2 and COOH terminal amino acid sequences vary significantly which could poten- 
tially provide additional diversity through differential modulation through associating pro- 
teins. Conversely, divergence in these regions may also prevent heteromultimer formation. 

Heteromultimeric Assembly of "Leak" K* Channel Subunits 

Heteromultimer formation within the 4TMD family of K + channels has not yet been 
explored. It can be predicted from the number of similar genes expressed in C. elegans that 
a multitude of "two-pore" subunits may exist in mammals (see chapter by Larry Salkoff, 
this volume). Whether or not the diversity of this family of K + channels is increased by 
heteromeric subunit interactions remains to be determined. 

Auxiliary Subunits 

There is increasing evidence for the existence of auxiliary subunits, some peripheral 
and some integral membrane proteins, that regulate the expression levels and functional 
properties of K + channel proteins (Table 1). Several types of K + channels are affected in 
this manner, including those consisting of Kv, KQT, eag, slo, and Kir principal subunits. 

To date, the auxiliary subunits that have been characterized in most detail are the mem- 
bers of the Kvp auxiliary subunit family. They are products of three genes (Table 1). We 
adopt the nomenclature shown in Table 1 to conform to convention and to signify their 
sequence relatedness. Affinity purification of brain K + channels using dendrotoxin led to 
the isolation of an auxiliary "P" subunit (P2 or Kvp2) that binds noncovalently with a 1 :1 
stoichiometry to Kvl principal subunits. 75,76 Identification of this sequence soon led to the 
isolation of related cDNAs. Three genes have been identified, and each has been shown to 
produce several isoforms by alternative splicing (Table 1). These subunits lack putative 
transmembrane domains, potential glycolsylation sites, or leader sequences, suggesting 
that they are cytoplasmic proteins. 76 Although they have some sequence similarities with 
aldo-keto reductase enzymes, Kvp auxiliary subunits probably lack such enzymatic activ- 
ity. 77 A detailed review of Kvp subunits is present in this volume (chapter by Pongs et a/.). 
Briefly, one function of the three Kvpi isoforms (which contain a variable inactivating 
ball domain) is to induce inactivation in otherwise noninactivating Kvl channels by pro- 
viding an extrinsic N-type inactivating domain. 78 In contrast, Kvp2 accelerates inactiva- 
tion only when Kvl. 4 subunits form part of expressed (inactivating) Kvl channels, 
probably by interacting with the intrinsic Kvl. 4 inactivating ball. 79 " 81 For some Kvl chan- 
nels, Kvpi and Kvp2 may also shift the voltage dependence of activation in heterologous 
expression systems 82 A second role assigned to these auxiliary subunits is to act as chap- 
erones during channel biosynthesis 83,84 and thus to increase expression levels, an effect 
first described for the interaction of Kvp2 with Kvl.4. 79 While Kvpi and Kvp2 proteins 
appear to interact exclusively with Kvl principal subunits, Kvp3 and a recently discovered 
K + channel auxiliary subunit, KChAP, 85 appear to interact also with Kv2 principal sub- 
units and to enhance current levels without an effect on channel kinetics or gating 85,86 



COETZEE et al : MOLECULAR DIVERSITY OF K + CHANNELS 



247 



Although Kvp3 and KChAP appear to have similar roles, their mechanisms of action 
might be different since chimeras between Kv2.1 and Kv2.2 indicate that the COOH-ter- 
minal end of the Kv2.2 protein is essential for its Kv03 sensitivity. 86 In contrast, KChAP 
appears to bind to the NH 2 termini of Kvl and Kv2 principal subunits. 85 

Since assembly of Kvl principal subunits occurs mainly in a subfamily-specific man- 
ner, it has been suggested that this subfamily specificity may also apply to their association 
with auxiliary subunits. 49,87 However, this may not strictly be the case, since there is evi- 
dence that the Dwsophila auxiliary subunit homologue Hyperkinetic (Hk) associates with 
members of the eag and Shaker families and alters their expression levels and/or kinet- 
ics 88 Recently, yet another auxiliary subunit has been identified, KCR1, which accelerates 
the activation of rat eag expressed in Xenopus oocytes or in COS-7 cells. 89 

MinK is a 15-kDa single- transmembrane protein that is present in cardiac and auditory 
cells. 5,90 " 93 that coassembles with KvLQTl to form the slow cardiac repolarization current 
(W- 94 * 96 ( see chapter by Sanguinetti, this volume) and with HERG to regulate the rapidly 
activating cardiac delayed rectifier (Ikj). 97 Hence, minK contributes to two important out- 
ward currents that determine repolarization from the plateau phase of the action potential 
in ventricular myocytes. 98,99 Although it does not contain a pore domain characteristic of 
K + channels' principal subunits, 100,101 mutagenesis experiments suggest that minK may 
contribute to the formation of the channel pore, 102 implying that K + -selective pores may 
include structures other than P domains or structures having a strict P-loop geometry. 

The auxiliary subunit of high-conductance Ca 2+ -activated K + channels (composed of 
principal subunits of the slo family) is a two- transmembrane protein of 191 amino acids 
and bears little sequence homology to any other known K + channel auxiliary subunit. 103 It 
has been shown that this subunit contributes to the high-affinity receptor for 
charybdotoxin 104 but apparently does not affect sensitivity to this drug. Mutagenesis has 
revealed that the large extracellular loop of the maxi K + channel auxiliary subunit has a 
restricted conformation with two important disulfide bridges. Specifically, four amino 
acids are critical in conferring high-affinity 251-Chtx binding to the complex. Function- 
ally, it has been demonstrated that this subunit also confers higher Ca 2+ sensitivity to Ca 2+ - 
activated K + channels containing slo subunits (see Table 4). 

Slob is a novel protein isolated by a yeast two-hybrid screen based on its interaction 
with the COOH-terminal domain of the Dwsophila slowpoke (dSlo) Ca 2+ -dependent K + 
channel. 105 Native Slob and dSlo coimmunoprecipitate together from fly head lysates, and 
they redistribute and colocalize in discrete intracellular structures when coexpressed in 
heterologous host cells. Although direct application of Slob to excised inside-out mem- 
brane patches can strongly activate dSlo (but not human slowpoke channels), 105 the in vivo 
function of Slob remains to be elucidated. 

The Kir channel accessory subunit Kv2.2v (Table 1) acts as a negative regulator of the 
inward rectifier Kv2.2 through heteromeric assembly. 

Finally, although Kir6 principal subunits (or C-terminal truncated Kir6 subunits) can 
express independently in heterologous expression systems, 106,107 the functional phenotype 
of native K^p channels is conferred only when Kir6 principal subunits are coexpressed 
with auxiliary subunits (sulfonylurea receptors, SUR1 or SUR2; see Table 1). SUR1 and 
SUR2 are members of the 12 transmembrane- span rung domain proteins, called ATP-bind- 
ing cassette (ABC) proteins. SUR1 or SUR2 associate with Kir6 subunits as an octameric 
assembly. 108 Prevailing evidence suggests that the inhibitory effects of nucleotides on 
K ATP channels are mediated via the principal Kiro* subunits, whereas the potentiation by 
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ADP is conferred by the sulfonylurea receptor subunit, SUR. 106 SUR auxiliary subunits 
are also responsible for conferring properties such as sensitivity to pharmacological com- 
pounds that block (e.g., glibenclamide) or increase (e.g., pinacidil) opening of the multi- 
meric channel complex. The specific assembly between the principal and auxiliary sub- 
units that takes place seems to be at least partly responsible for the functional diversity of 
native K AXP channels (Table 3; reviewed by Babenko 109 ). 

Alternative Splicing 

Table 1 lists alternative splice versions of principle and accessory K + channel subunits 
known to date. In many cases the use of alternative exons results in channels with diverse 
properties. Table 6 lists only the K + channel principal subunits studied so far where alter- 
native splicing leads to diversity in channel function. The functional consequences of K + 
channel gene splicing have been grouped into four categories: (1) effects on electrophysio- 
logical properties, where splicing changes channel properties such as kinetics; (2) effects 
on expression, where splicing results in changes in gene expression and/or tissue distribu- 
tion; (3) effects on subcellular localization, where alternative splicing results in changes in 
channel targeting to different cellular compartments; (4) effects on modulation, where 
splicing alters the effects of modulators (e.g., by protein kinases). Blank spaces indicate 
that no changes are observed or they remain to be tested. The purpose of Table 6 is to 
emphasize how K + channel diversity could be enhanced by mechanisms other than gene 
duplication and divergence. Furthermore, it should be emphasized that native channels 
may result from the heteromultimerization between different splice variants, thus increas- 
ing diversity even further. 

RNA Editing 

RNA editing by adenosine deamination has evolved as a mechanism to produce func- 
tionally diverse proteins from the same gene. The best-characterized example in the brain 
is the RNA editing of glutamate-activated receptor channel (GluR) mRNA 110,111 (see 
chapter by Sprengel in the Glutamate Receptor section, this volume). RNA editing of 
mammalian K + channels has not been described. However, in squid, five purine transitions 
found in cDNA clones encoding sqKv2 K + channel are also generated by RNA editing. 112 
The conductance-voltage relationships determined for the two most frequently edited sites 
of sqKv2 y Y576C (pore region) and I597V (S6 segment), did not'differ. However, the rate 
of channel closure upon repolarization was significantly affected by both substitutions. 112 

Posttranslational Modifications 

Posttranslational modifications, particularly protein phosphorylation and dephosphory- 
lation, are known to underlie modulation of the activity of ion channels, and hence, modu- 
lation of neuronal excitability. 113 " 115 Posttranslational processing or the distinct 
intracellular microenvironment of the channel could contribute to the diversity of K + chan- 
nels in native cells. The modulation of Kv3.4 channels by protein kinase C (PKC) is a 
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good example of how channel function and phenotype can be altered in this manner. 116 
Phosphorylation of the amino-terminal activation domain of Kv3.4 by PKC suppresses N- 
type inactivation, converting these channels from rapidly inactivating A type to noninacti- 
vating delayed rectifier type. 116,117 Similarly, Roeper and coworkers found that the balance 
between phosphorylated and dephosphorylated Kvl.4 channels is regulated by changes in 
intracellular Ca 2+ concentration, rendering Kvl.4 inactivation gating Ca 2+ sensitive. 118 
They showed that Ca 2+ -calmodulin-dependent protein kinase (CaMKII) phosphorylation 
of a single amino-terminal residue of Kvl.4 slows inactivation gating and accelerates 
recovery from N-type inactivated states; while on the contrary, dephosphorylation of this 
residue induces a 5 to 10 times faster inactivation of Kvl.4. 118 

Finally, the dynamic regulation of ion channel interactions with the cytoskeleton may 
contribute to the diversity of K + channel properties and mediate aspects of synaptic plas- 
ticity (see chapter by Sheng, this volume). For example, Kir2.3 bind to PSD-95, a cytosk- 
eletal protein of postsynaptic densities that clusters NMDA receptors and voltage- 
dependent K + channels: Kir2.3 colocalizes with PSD-95 in neuronal populations in fore- 
brain, and a PSD-95/Kir2.3 complex occurs in hippocampus. 119 Within the C-terminal tail 
of Kir2.3, a serine residue critical for interaction with PSD-95, is also a substrate for phos- 
phorylation by protein kinase A (PKA). 119 Thus, ion channel interactions with the 
postsynaptic density are regulated by a physiological mechanism, since stimulation of 
PKA in intact cells causes rapid dissociation of the channel from PSD-95. 119,120 It also fol- 
lows from this work that any posttranslational modification that accounts, directly or indi- 
rectly, for changes in the localization or clustering of K + channels, may contribute to the 
functional diversity of this family of ion channels. 



SUMMARY AND PERSPECTIVE 

We attempted to provide a comprehensive, yet succinct, overview of the molecular 
diversity of K + channel subunits. However, due to the rapidly evolving nature of this field 
of research, it is very likely that this chapter will be outdated by the time of publication. 
With the recent sequencing of bacterial and yeast genomes, it became clear that many 
genes exist for which no definite function could be assigned. Given the relatively simple 
genome of these organisms compared to that of humans (-100,000 genes) and the fact that 
only a small proportion of the human genome has currently been sequenced, it will be no 
surprise if many more genes coding for K + channel principal and auxiliary subunits are 
uncovered in the near future. Importantly, sequences might become available to describe a 
variety of other protein subunits interacting with channels and to modify their function and 
expression patterns. The incredible diversity of subunits and subunit interaction at the 
molecular level is at present hard to reconcile with the more limited (although diverse in 
its own right) complement of native K + channels in cells. The correlation between molecu- 
lar subunits and native K + channels in normal and pathophysiological states must remain 
to be a priority for future research. 

These advances also have the promise of providing a wealth of information that will be 
of benefit to those studying regulation of K + channel expression. Promoters, enhancers, 
and silencers provide yet another level of diversity by virtue of controlling expression lev- 
els in response to environmental influences, as well as tissue-specific expression patterns. 
The recent progress in the determination of the 3D structure of a bacterial K + channel 
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protein 1 will pave the way for similar studies on K + channel principal and auxiliary sub- 
units. These structural analyses should provide better tools with which to study protein- 
protein interactions as well as drug-protein interaction. Ultimately, this new knowledge 
can be used to develop more effective protein-specific therapeutic approaches for patho- 
physiological states involving K + channel dysfunction. This, and the possibility of gene- 
specific treatment of diseases related to defects in channel subunit proteins, are increas- 
ingly areas of active research and will remain fertile areas for future studies. 



TABLES 



TABLE 1. Mammalian K + Channel Principal and Auxiliary Subunits 



A. Principal Subunits of Voltage- Activated K + Channels 


Gene Locus 
Subunit Designation Species 


Trivial 
Name 


Chromosome 
Localization 


Alternative 
Splicing 


Accession 
Number 


Associated 
Diseases 


Kvl.l KCNA1 Human 
Rat 


HUKI 

RK1 

RCK1 

RBK1 


12pl3 




L02750 
X12589 


Episodic 
ataxia, 
myokymia 
syndrome 


Mouse 


MKl 
MBKi 


6 




M30439 




Kvl.2 KCNA2 Human 


HUKIV 


12 




L02752 




Rat 


RBK2 
RK2 
RCK5 
NGK1 






J04731 




Mouse 


MK2 


3 




M30440 




Kvl.3 KCNA3 Human 


HUKin 
HPCN3 


lp21 




M55515 




Rat 


RCK3 
RGK5 
KV3 






M31744 




Mouse 


MK3 


3 




M30441 




Kvl.4 KCNA4 Human 


HUKII 
HPCN2 


llpl4 




M55514 




Rat 


RCK4 






M32867 





RHK1 
RIC3 



Mouse 



2 



U03723 
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Gene Locus Trivial 
Subunit Designation Species Name 



Chromosome Alternative Accession Associated 
Localization Splicing Number Diseases 



Kvl.5 KCNA5 



Kvl.6 KCNA6 



Kvl.7 KCNA7 

Kv2.1 KCNB1 

Kv2.2 KCNB2 

Kv3.1 KCNC1 



Kv3.2 KCNC2 



Kv3.3 KCNC3 



Human 



Rat 



Mouse 
Mouse 

Human 
Rat 

Mouse 

Human 

Mouse 

Human 

Rat 

Mouse 

Human 

Rat 

Human 



Mouse 
Rat 

Human 
Rat 

Mouse 
Rat 
Rat 
Rat 

Human 

Rat 
Rat 
Mouse 



HK2 

HPCN1 

KV1 

RK4 

RCK7 

KvL5_5' 

Kv 1.5.3' 

HBK2 

KV2 

RCK2 

MK1.6 



DRK1 



CDRK 

NGK2- 
KV4 

KShHIB 

NGK2 

Mshaw22 

KV4 

Raw2 

RKSMIIA 

Rshawl2 

Mshawl2 



Rawl 

RKShlllD 
MShawl9 



12pl3 M55513 



M27158 



L22218 
Kvl.5a C49507 
Kvl.5b C49507 
X 17622 
M27159 

M96688 

AF032099 
L02840 
X16476 
M64228 
U69962 
M77482 
Kv3.1a S56770 



6 

19ql3.3 
7 

20ql3.2 



llpl5 



12 



10 



19ql3.3- 
13.4 



Y07521 



Kv3.1b M37845 



Kv3.2a 



Kv3.2b 
Kv3.2c 
Kv3.2d 
Kv3.3 a 

Kv3.3a 
Kv3.3b 
Kv3.3c 



M34052 



M59211 
M59213 
M84202 
AF055989 

M84210 
M84211 
S69381 
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A. Principal Subunits of Voltage- Activated K + Channels (continued) 

Gene Locus Trivial Chromosome Alternative Accession Associated 

Subunit Designation Species Name Localization Splicing Number Diseases 



Kv3.4 KCNC4 



Kv4.1 
Kv4.2 



KCND1 
KCND2 



Kv4.3 KCND3 



KvS.l KCNH1 

Kv6.1 KCNH2 
Kv8.1 

Kv9.1 KCNS1 

Kv9.2 KCNS2 

Kv9.3 KCNS3 
Eagl 



Eag2* 
Bkl c 
Elk2 



Human 

Rat 

Rat 

Human 

Mouse 

Human 

Rat 

Mouse 

Human 

Rat 

Rat 

Human 
Rat 

Human 
Rat 

Human 
Rat 

Human 

Rat 

Mouse 

Human 

Mouse 

Human 

Mouse 

Human 

Rat 

Rat 

Mouse 

Bull 

Bull 

Rat 

Rat 

Human 

Rat 

Mouse 



HKShHIC 
Raw3 

Kv4.1 
MShal 

RK5 

Kv4.3M 
KShlVB 
Kv4.3S 
Kv4.3L 

KH1 
IKS 
KH2 
K13 



Kv2.3r 



Reag-1 
Meag-1 
BTeagl 
BTeag2 



Helk^ 



Melk-2' 



lp21 

10,7 
Xpil.23 

7q? 

6 



2p25 

20ql3 

8q22.3- 
8q24.1 



8q22.4 



Kv3.4b 
Kv3.4a 
Kv3.4c 
Kv4.1 



Kv4.3a 

Kv4.3b 
Kv4.3c 



Eagla 



Eaglb 



M64676 
X62841 

AJ005898 
M64226 

S64320 

AF048712 

U42975 

L48619 

AF048713 

AB003587 

AF033382 

M81783 

.AF033383 

M81784 



X98564 
U62810 
AF043473 
AF008573 



Cohen 
syndrome? 



AF008574 

AF043472 

AF029056 

Z34264 

U04294 

Y 13430 

Y13431 

AF073891 

AF61957 

AF073892 
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A. Principal Subunits of Voltage- Activated K + Channels {continued) 





Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit 


Designation Species 


Name 


Localization 


Splicing 


Number 


Diseases 


fcrgl 


LQT 


Human 


n-erg 


/qJ5-/qio 


fcrgla 


U 04270 


LQT2 
















syndrome 






Kat 


r-erg 






Z96109 








Mouse 


Mergla 


5 




AF012868 








Mouse 


Mergla* 




Erg lb 


AFO 12871 








Humar/ 


HERGb 




Erglc 










Mouse 


Merglb 






AFO 12869 




Erg2 




Rat 








AF016192 




Erg3 




Rat 








AF016191 




KQT1 


KCNQ1 


Human 


KvLQTl 


llpl5.5 


KCNQla 


U40990 


LongQT 
















syndrome, 
















type I 






Mouse 








U70068 








Human 


tKvLQTl 




KCNQlb 


AF051426 




KQT2* 


KCNQ2 


Human 




20ql3.3 


KCNQ2a 


Y 15065 
















AF033348 


Benign 
















familial 
















neonatal 
















convulsions 
















(BFNQ 






Human 


KQT2.1 




KCNQ2b 


AF074247 




KQT3 


KCNQ3 


Human 




8q24 




AF033347 


BFNC 














(partial 
















clone) 





a This sequence differs from Kv3.3a, but this could be a sequencing artifact. 

* B. Ganetzky also described a partial rat Eag2 sequence in this volume (Reag-2). There are some 
differences between his sequence and the sequence submitted to Genbank (AF073891). 

c B. Ganetzy also described a partial Elkl sequence in this volume (Relk-1). There are clear differ- 



ences between his sequence and the rat Elkl sequence submitted to Genbank (AF61957). 

d B. Ganetzky called this sequence Helk-2. According to the alignment on partial sequences, it 
seems to be the human homolog of rat Elk2 submitted to Genbank. 

* Same case as in Helk-2. 
'Refs.eOand 140. 

* The existence of 1 1 splice variants have been reported (no data available in databases). 141 
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B. Principal Subunits of Ca 2+ - Activated K + Channels 





Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit 


Designation 


Species 


Name 


Localization 


Splicing 


Number 


Diseases 


SKI 


KCNN1 


Hi l mflti 


hSKl 














Rat 


rSKl 






U070OJ 




SK2 


KCNN9 


Rat 


LOIvZ> 






uoyooz 




SK3 


KCNN3 


Human 


hKCa3 


22qll- 




AF031815 


Schizo- 










22ql3.1 






phrenia? 
















Bipolar 
















disease? 








hSK3 














Rat 


rSK3 






U69884 




SK4 


KCNN4 


Human 


hKCa4 


19ql3.2 




AF000972 










hSK4 
















hIKCal 
















hIKl 














Mouse 


mIKl 






AF042487 




Slol 


KCNMA1 


Human 


hslol 


10q22.2- 




U23767 












10q23.1 












Rat 


rslol 






U55995 








Mouse 


mslol a 






L16912 




Slo3 




Human 


hslo3 






n/a 








Mouse 


ms!o3 






AF039213 





There is alternative splicing. 
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G Principal Subunits of Inward Rectifier K + Channels 



Gene Locus Trivial 
Subunit Designation Species Name 



Chromosome Alternative Accession Associated 
Localization Splicing Number Diseases 



Kirl.l KCNJ1 Human ROMK1 llq24 



Kirl.la U12541 



Kir2.1 KCNJ2 



Kir2.2 KCNJ12 



Kir2.3 KCNJ4 



Rat 

Human 

Rat 

Mouse 

Human 

Rat 

Human 

Human 

Human 

Rat c 

Human** 

Rat 

Human 

Rat 
Mouse 

Human 



Rat 
Mouse 

Kir2.2v KCNJN1 Human 



Kir2.4 KCNJ14 



Human 



Rat 

Mouse 

Rat 



KAB-1 

ROMK2 

ROMK1B 



ROMK3 
ROMK1A 

ROMK4 
ROMK5 
ROMK6 

ROMK1C 

ROMK6.1 

IRK1 

HH-IRK1 

RBL-IRK1 

MMIRK1 

MB-IRK1 

IRK2 

HIRK 

RB-IRK2 

MB-IRK2 

HKIR2.2v 

HIR 

HRK1 

IRK3 

BIR11 

MB-IRK3 

IRK4 



17 



17plU 



17pll.2- 
17pll.l 

22ql3.1 



Kirl.lb 



Kirl.lc" 



Kirl.ld 
Kirl.le 
Kirl.lf* 

Kirl.lg 
Kirl.lh 



Barter's 
syndrome 



X72341 
U 12542 

S69385 
AF012834 
U 12543 

S78155 
U 12544 
U 12545 
U65406 
n/a 
n/a 

AF081368 
U 12507 

Q64273 
X73052 

L36069 

X78461 
X80417 
U53143 

U07364 



X87635 
U 11075 
AJ003065 
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C. Principal Subunits of Inward Rectifier K + Channels {continued) 



Gene Locus Trivial Chromosome 

Subunit Designation Species Name Localization 



Alternative Accession 
Splicing Number 



Associated 
Diseases 



Kir3.1 KCNJ3 



Kir3.2 KCNJ7 



KCNJ6 



Kir3.3 KCNJ9 



Kir3.4 KCNJ5 



Kir4.1 KCNJ10 
(Kirl.2) 



Human 
Rat 



Mouse 

Rat 

Rat 

Rat 

Human 



Rat 
Mouse 



Mouse 

Mouse 

Mouse 

Mouse 

Mouse 

Human 

Rat 

Mouse 

Human 



Rat 

Mouse 

Human 

Rat 



HGIRK1 2q24.1 

GIRK1 

KGA 

KGB1 

Kir3.1 l0 

MBGIRK1 

Kir3.1 01 

Kir3.1oo 

Kir3.1delta 

Kir3.1 n 

Kir3.1- 
deltaB 

GIRK2 21q22.1 



Kir3.1a 



KATP2 
BIR1 
KATP-2 
GIRK2-1 16 



MBGIRK2 

GIRK2A-1 

GIRK2A-2 

GIRK2B 

GIRK2C 

GIRK2D 

GIRK3 

RBGIRK3 

MBGIRK3 

GIRK4 

cm 

hc-KATPl 
rc-KATPl 



Kir3.2b 
Kir3.2c 
Kir3.2d 
Kir3.2e 
Kir3.2f' 



Iq21-lq23 



llq24 



BIR10 
KAB-2 



U50964 
L25264 



1582163 
Kir3.1b U60025 
Kir3.1c U42423 



Kir3.1d U72410 



Kir3.2a< L78480 



U21087 
U51122 



U51123 
U51124 
U51125 
U51126 
n/a 

U52152 
L77929 
U 11860 
U52154 



L35771 
U72061 
U52155 

X83585 



Mapped to 
Down 
syndrome 
chromo- 
some 
region 1 



Weaver 

mouse 

mutation 
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C. Principal Subunits of Inward Rectifier K + Channels {continued) 





Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit 


Designation Species 


Name 


Localization 


Splicing 


Number 


Diseases 


Kir4.2 


KCNJ15 


Human 




21q22.2 




U73191 


Mapped to 


(Kirl.3) 














Down 
syndrome 
chromo- 
some 
region 1 


KirS.l 


KCNJ16 


Rat 


BIR9 






P52191 




Kir6.1 


KCNJ8 


Human* 
Rat 


uKATP-1 


12pl2 


Kir6.1a A 


D50312 

AF0156O5 

D42145 








Mouse 


muKATP-1 6 




D88159 








Human 






Kir6.1b 


AF015606 








Human 






Kir6.1c 


AF0156O7 




Kir6.2 


KCNJ11 


Human 

Rat 
Mouse 


BIR 

hBIR 

IKATP 

rBIR 
mBIR 


llplS.l 




D50582 

D86039 
D50581 


Familial 
persistent 
hyper- 
insulinernic 
hypo- 
glycemia 
of infancy 


Kir7.1 


KCNJ13 


Human 








AF061118 




(Kirl.4) 




Rat 








AJ006129 





0 The human and the rat ROMK3 transcripts are not true orthologs in terms of alternative splicing 
and exons usage. 

b The human and the rat ROMK6 transcripts do not correspond in terms of alternative splicing and 



exons usage. 
c Ref. 142. 
rf Ref. 143. 

* The three mammalian transcripts (human, rat, and mouse) do not correspond to each other in 
terms of alternative splicing. 

'Ref. 144. 

* Two accession numbers are given here. D503 12 represents the coding sequence, and AR) 15605 
represents splice variant A for the 5'UTR. 

h The three mammalian transcripts do not correspond to each other in terms of alternative splicing. 
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D. Principal Subunits of Two-Pore K + Channels 





Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit 


Designation Species 


Name 


Localization 


Splicing 


Number 


Diseases 


TWIK 


KCNK1 


Human 


TWIK-1 


Iq42-lq43 




U33632 








Mouse 




8 




U86009 




TREK 


KCNK2 


Mouse 








U73488 




TASK 




Human 








AF006823 








Rat 








AF031384 








Mouse 








AF006824 




TRAAK 




Mouse 








AP056492 




E. Auxiliary Subunits of Kv and eag Channels 




Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit 


Designation 


Species 


Name 


Localization 


Splicing 


Number 


Diseases 


Kvpi 


KCNA1B 


Human 


HKvpia 


3q26.1 


Kvpi.l 


U33428 








Rat 


Kvpi 






X70662 








Mouse 








X97281 








Human 


hKvp3 




Kvpi.2 


U16953 








Human 


hKvpi.3 




Kvpi.3 


L47665 




Kv02 


KCNA2B 


Human 




lp36.3 


Kvp2.1 


U33429 


Charcot- 
















Marie- 
















Tooth 
















disease, 
















type 2A? 






Rat 


RCKp2 






X76724 










Kvp2.1 














Mouse 




4 




U31908 








Human 






Kv02.2 


AF044253 




Kvp3 


KCNA3B 


Human 


KCNA3.1B 17ql3 


Kv03.1 


AF016411 








Rat 


Kv03 






X76723 










RCKp3 














Mouse 


mKvp4 




Kv03.2 


U65593 




KChAP 




Rat 








AF032872 
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F. Auxiliary Subunits of Ca -Activated K + Channels 



Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit Designation 


Species 


Name 


Localization 


Splicing 


Number 


Diseases 


Slo Beta 


Human 








U38907 






Rat 








U40602 






Mouse 








AJ001291 




G. Auxiliary Subunits of Inward Rectifying K + Channels 


Gene Locus 




Trivial 


Chromosome 


Alternative 


Accession 


Associated 


Subunit Designation 


Species 


Name 


Localization 


Splicing 


Number 


Diseases 


SUR1 SUR 


Human 




llplS.l 




Q09428 


Familial 














persistent 














hyper- 














insulinemic 














hypo- 














glycemia 














of infancy 




Rat 








X97279 






Rat 






SUR1B 


AF039595 




SUR2 


Human 




12pl2.1 


SUR2A 


AF061324 






Mouse 


mSUR 


6 




D80637 






Human 






SUR2B 


AF061324 






Rat 








AF019628 






Mouse 








D086038 
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TABLE 3. Native Channels and Physiological Significance of the Molecular Diversity of K + 
Channels 



Channel Proteins 



Native Channels 



Kvl.x (probably in 
heteromultimeric channels 
also containing Kvp 
subunils) 



Kv2.x, possibly in 
combination with Kv5.1, 
Kv6.1,Kv8.1,andKv9.1- 
9.3 

Kv3.1-Kv3.4 (may exist as 
homo- and 

heteromultimeric channels) 



Kv4.x (possibly in 
association with 
unidentified auxiliary 
subunits) 

KQT 



eag 
elk 
erg 



slo (different alternatively 
spliced versions, with and 
without a p subunit) 

SK 1-3 
SK4 

Two-pore K + channels 
Kiri.l-Kirl.3 



4-AP-sensitive voltage-gated K + channels of both delayed rectifier 
and "A" types, including the "D" current (a dendrotoxin-sensitive 
voltage-dependent current with variable kinetics and voltage 
dependence; also sensitive to very low 4-AP concentrations). 121,122 
"D" channels are probably various combinations of Kvl.2 (or Kvl.l 
or Kvl.6) with other Kvl proteins and Kvp subunits. Kvl.4 (possibly 
in homomultimeric and heteromultimeric channels) might be 
responsible for fast "A* type K + currents in terminals and 
axons. 50,123,124 Use of antisense oligonucleotides suggests that Kvl.5 
is responsible for the ultrarapid delayed rectifier current (I Kltr ) in 
human atrium. 125 

4-AP-sensitive delayed rectifiers with variable kinetics, slow 
inactivation and voltage dependence. Oxygen-sensitive currents in 
pulmonary artery myocytes. 126 

High voltage-activating, fast deactivating voltage-dependent K + 
currents, which may contain a fast inactivating component if they 
include Kv3.4 proteins. Channels containing mainly Kv3.1 and Kv3.2 
proteins (and perhaps Kv3,3) are most likely delayed rectifiers with 
slow inactivation. Currents blocked by 1 mM TEA which are key in 
the repolarization of short action potentials in fast spiking neurons (see 
chapter by Rudy etal, this volume). 

Classical low voltage- or subthreshold-activating A-type currents and 
the I to in heart. Evidence for a relationship with I to includes use of 
antisense oligonucleotides. 127,128 Blocked by mM concentrations of 4- 
AP. 

KQT1 is responsible for the slowly activating delayed rectifier (Ij^) in 
heart. 94,95 Mutations in this gene are responsible for a form of LQT 
syndrome (see chapter by Sanguinetti, this volume). KQT2 in 
association with KQT3 may form delayed rectifier type currents in 
neurons (see text). Mutations in these two genes cause a form of 
epilepsy (see Table 1). 

"M" current? 129,130 



Ergl is responsible for the rapidly activating delayed rectifier current 
(1^) in heart (in combination with minK) 9 Evidence includes use of 
antisense oligonucleotides. 131 LQT syndrome mapped to mutations of 
herg and minK (see Table 1 and chapter by Sanguinetti, this volume). 

Maxi-K or BK Ca 2+ -activated channels. Evidence includes 
biochemical purification from native tissue. 132,133 

Small-conductance apamin-sensitive and -insensitive Ca 2+ -activated 
K + channels (see chapter by Adelman, this volume). 

Medium-conductance Ca 2+ -activated K + channels. 134 " 136 

"Leak" K + channels, which help regulate the resting potential. 12 

Weak inward rectifiers. 
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TABLE 3. Native Channels and Physiological Significance of the Molecular Diversity of K + 
Channels (continued) 



Channel Proteins 



Native Channels 



Kir2. 1-2.4 



Kir2. 1: I Kl in cardiac ventricular myocytes, 21 pS channel." Common 
strongly rectifying inward rectifier channel. 

G-protein-activated K + channels in neurons and heart (particularly in 
atrium). 137 Kir3, 1 + Kir3.4 acetylcholine-activated K + current (I KAch ) 
in heart (see chapter by Kevin Wickman, this volume). 

K^jjp (33pS nucleotide-sensitive K + channel in vascular smooth 
muscle). Activated by ADP, GDP; blocked by glibenclamide (IC™ = 
25 nM) 

ATP-sensitive K + current (1^^) in panaeatic 0-cells. y = 70 pS; Kj 
(ATP) = 10 (iM; KCOs (diazoxide > pinacidil), glibenclamide (IC™ < 
10 nM) 

ATP-sensitive K + current (1^^) in heart and skeletal muscle, y = 80 
pS; Ki (ATP) = 175 jiM; KCOs (pinacidil > diazoxide), glibenclamide 
(ICso^l.2 uM) 

ATP-sensitive K + current (I^atp) m vascular smooth muscle, y = 
80 pS; Ki (ATP) = 53 uM; KCOs (pinacidil > diazoxide), 
glibenclamide (IC^ = 1 jxM) 

Note: y = unitary conductance. 



Kir3.1 + Kir3.4 



Kir6.1plus SUR2B 



Kir6.2plus SUR1 



Kir6.2plus SUR2A 



Kir6.2plus SUR2B 
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[Note added in proof: After this paper was submitted, Wang et al (1998, Science 
282: 1890-1893) have presented strong evidence that KCNQ2 and KCNQ3 subunits form 
channels mediating the "M-current "] 



